We firstly demonstrated the detection of anions in air using a nano field-effect transistor (nanoFET) device. Negative ions in air charged the top surface of the silicon nanoFET channel affecting the fieldeffect and making a conductance change of the channel proportional to anion concentration around the nano channel sensing surface. The real-time detection of anions in air with the nanoFET was performed for various anion concentrations which were differentiated by the distance of the anion generator to the nanoFET sensor. The air anions detection characteristics of the nanoFET device were evaluated with sensitivity and conductance change rates analysis.
Introduction
Negative ions in air are of great interest for the benefits for air purification and the positive effect on air conditions for healthy living [1] [2] [3] [4] . Recently, a number of consumer products utilizing ion-generating technology have become available to eliminate airborne pollutants, such as dust or cigarette smoke, allergens and viruses from immediate breathing spaces [5, 6] . These devices work by generating a flow of negative ions that charge and bind together with airborne particulate matter. The charged matter gathers together and precipitates out of the air. In addition to eliminating harmful particulates from the air, negative ions also have a number of unique health benefits [7] [8] [9] . A growing number of people are using personal and home air filtration products that generate negative ions to charge and remove airborne particulate matter to create localized zones of improved air quality [10] [11] [12] .
Various devices exist to detect ions in the air. Some notable examples include the Geiger-Muller tube based radiation detector and parallel plate-or cylindrical platebased electrostatic type detector [13] [14] [15] . These air ion counter devices are complicated systems that are much larger and expensive when compared to most ion generating devices. For instance, the electrostatic type detector has an additional fan to create an intake of air to the electrode plate detector. In this paper, we propose an airborne anion detecting sensor using nanoFETs which enables the realization of a very small and low cost air ion detecting device. Semiconductor based airborne ion sensors can be incorporated into consumer electronics allowing for applications such as the performance monitoring of anion generating device often found in air cleaning units today. We fabricated a nanoFET device and evaluated the air anion detection characteristics of the nanoFET sensor device. We measured the real-time conductance change and response properties of the nanoFET when exposed to different anion concentrations in air generated by an air ionizer. Our results demonstrate the possibility of an application of the nanoFET as a negative ion sensor.
Findings
The nanoFET sensor for the anion detection in air was designed and fabricated with 8-inch semiconducting process facilities. The FET channel of the device has a similar structure to that of a nanoFET based biosensor [16, 17] . Figure 1(a) shows the cross-section of the nanoFET device. The handle silicon substrate is used for a universal bottom gate electrode (V bg ). A nanoFET has a 20 nm-thick silicon channel and a 5 nm-thick gate oxide layer of SiO 2 for adsorption of negative ions. The buried oxide (BOX) layer and handle silicon substrate were 145 nm and 725 μm in thickness, respectively. The passivation layer is 1 μm of photoresist. Figure 1(b) shows the fabrication process of the device. Starting with a thin SOI (silicon on insulator) substrate (SOI tech, France), the 20 nm-thick silicon nano channel is thinned through thermal oxidation from its initial top layer thickness of 70 nm. The thickness uniformity of nano silicon-channel obtained by the thermal oxidation thinning process was within 6 % of the targeted 20 nm in the 8-inch wafer. The nano channel for sensing is defined as an area of 5 μm × 5 μm in length and width by a stepper photolithography process as shown in process (ii) of Figure 1(b) . In the process (iv) of Figure 1( Fabrication process of nanoFET sensor for negative ion detection in air. In process (iv), photoresist masking layer for contact doping implatation was not shown, but represented by a dotted-line area. The second implantation for channel doping was performed on the entire wafer area without masking layer. E = 3keV in the dotted-line areas with a photoresist masking. After removal of the photoresist, a second implantation for channel doping was followed in the whole wafer area with a condition of boron, dose = 5E12 and E = 3keV. The contact doping implantation process was followed by rapid thermal oxidation (RTO) for implantation annealing and gate oxide formation. The thickness of gate oxide obtained by RTO process was within the range of 47 to 53 Å for the 50 Å target thickness. Ti/Al metallization was applied for electrical interconnection with outer circuits. Finally, a photoresist layer 1 μm was formed to protect the entire area of the device except the sensing area and electrical pads. The 8-inch SOI silicon process was performed at the facilities of the National Institute for Nanomaterials Technology (NINT, Korea) and the boron implantation process was performed at the National Nanofabrication Center (NNFC, Korea). Figure 2 (a) shows the field emission scanning electron microscope (FESEM) image of the fabricated. Figure 2 (b) depicts the experimental scheme to measure and evaluate the properties of the nanoFET sensor for the detection of anions in air. The ion generator used for the experiment was a commercially available air ionizer (Dr. USB, IMH Co. Korea) which consists of a small blowing fan and tip electrodes for air ionization through the arc discharge method [18] . The nanoFET device is placed in a normal direction to the ionized air flow. The concentrations of generated negative ions in the air could be modulated with the distance between the sensor device and the ion generator. A fan in the generator allows the generated negative ions to spread and reach the nanoFET sensor. Figure 3 shows the current (I ds ) versus voltage (V gs ) characteristics of the fabricated nanoFET device obtained by the sweep of I ds -V bg in the forward and backward direction. We compared the initial fabricated state (rectangular dotted line), the charged state due to negative ions exposure(Xlabeled dotted line) and the steady state after a duration of time had passed with the ionizer off (triangular dotted line). The I ds -V bg recording shows properties of high performance p-type FET through backgate modulation of V bg from -20V to +20V at a constant V ds of 1V. The measurement had results of an I on /I off ratio over 10 7 and a transconductance (g m ) of 1.05 μS. When the channel surface of the nanoFET device was charged by the negative ions in air, the I-V curve moved in the right-upper direction as shown in the X-labeled dotted line I ds -V gs graph. The shift corresponds to the quantities of negative charges on the channel surface. It was reasonable to conclude that negative ions may be adsorbed on the surface of the FET channel when the negative ion concentration in the air increased around the nanoFET sensor during operation of the air ionizer. After the ion generator was turned off, the I-V curve moved in a recovering direction to the initial state of the device as shown in the triangular-shaped marker 1.E-13
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1.E-05 Figure 4 Real-time detection of negative ions in air using nanoFET sensor. I ds increasing rate depends on the distance of the sensor from the ion generator which is related to the anion concentration. The closer distance corresponds to the higher concentration. After the ionizer is turned off, I ds decreases slowly as the discharging of the charged negative ions occurs. (a) Real-time detection of negative ions in air using the nanoFET sensor. The blue line is the conductance change over time and the red line corresponds to the rate of change at each sampling time.
Gradual increase and saturation of I ds in the p-type nanoFET device at a constant V bg of 0 V represents the negative ion charging on the top gate surface. The sensitivity of the sensor reaches over 700. The I ds by back-gate voltage modulation up to -15 V of V gs could be compared with the I ds caused by the amount of adsorbed charges by negative ions in air. Therefore, under the condition that the electric field applied to the nano channel by the amount of adsorbed charges on the sensing area is equivalent to the electric field driven by the backgate voltage applied through the back-gate MOS structure, the V bg = -15 V equals to approximately 5.7×10 5 electron charges adsorbed on the sensor to form the same conductance value of I ds . (b) Real-time detection of negative ions according to the distance of the nanoFET from the anion generator which is related to the anion concentration in the air. (c) The slope of I ds change rate versus time according to the distance of the nanoFET from the anion generator. The inset shows the maximum value of the slope versus the distance which is related to negative ions concentration in air. Note that the anion concentration near the sensor reduces as the ionizer is placed farther away.
semiconductor (MOS) capacitance calculation is utilized. The nano silicon channel contacts two parallel plate MOS capacitors on the top and bottom of the channel, the top capacitor comprising of the gate oxide and sensing area and the bottom capacitor comprising of the BOX insulator and back-gate silicon substrate. Assuming the electric field applied to the nano silicon channel through both the top and bottom MOS capacitor is equivalent, in other words the I ds obtained by the adsorbed negative ions on the sensor is of equal or similar level to the I ds obtained by back-gate bias potential, then, the charges can be calculated using the following equation:
where, C box is the capacitance of BOX layer and V bg is the applied back-gate voltage. Under the experimental conditions when the conductance level, I ds , of the nanochannel by the applied back-gate voltage is equal or similar to that by the electric field formed by the amount of the adsorbed charges on the sensing area of the top capacitor, then the adsorbed charges, Q, equals to Q bg . Therefore, since C box = 6.1×10 −15 Farad, V bg = 15 V, then, Q = 9.15×10 −14 C = 5.7×10 5 charges. The ionizer is known to generate the anions at a rate of approximately 2×10 6 ea./cc at 5 cm away from the ionizer. Since the amount of adsorbed charges is proportional to adsorption coefficient α and ion concentration in air D, then the adsorbed charges on the sensing channel Q = αD. The coefficient α is 1 at the maximum, confirming that the numerical calculation using the experimental result is reasonable. Figure 4(b) shows the result of quantitative detection of negative ions using the nanoFET. In order to confirm the feasibility of quantitative detection of the air ion concentration, the response of the nanoFET to the different ion concentration in air was measured. The air anion concentration was differentiated by varying the distance of the sensor to the ionizer as shown in Figure 2 (b). After the ionizer was turned on at t = 50 sec, the I ds responses increased, but showed different delay times depending on the ionizer position. This was due to the increase in time for the generated anions to reach the sensor. The distance between ion generator and nano FET sensor was set to 4 different positions from 25 cm to 10 cm in decreasing order. The results are represented by a dashed line and lines with circle, triangle, and rectangle markers, respectively, as shown in Figure 4 (b) and (c). In Figure 4 (b), the slope of I ds before saturation was larger as larger amounts of negative ions reached the sensor at closer distances. Figure 4(c) shows the plot of the change rate of the slope of I ds at each sampling time. The measurement of air anion detection was repeated twice at each ionizer position. When the initial level of I ds for the measurement was of similar value, near 22.5 μA then, the plot nearly overlapped, which indicated that the measurement results would be reproducible if the initial level of I ds is in the same condition. The slope of the I ds increasing rate produces the same peak value even with different initial levels of I ds as shown in Figure 4 (c) and the inset. The inset of Figure 4 (c) shows the maximum value of the slope versus the distance which is related to concentration of negative ions in the air. Note that the anion concentration near the nanoFET sensor reduces as the ionizer is placed at farther distances, which corresponds with the experimental measurement results. The initial I ds level cannot be controlled actively for the consecutive measurements because of the variable amount of adsorbed negative ions remaining on the channel surface which reduces gradually over time. However, even in this case, the quantitative detection of air anions using the nanoFET sensor may be possible because the increasing rates of I ds are related to the ion concentration. The measurement of I ds change rate for the quantification and calibration of the concentration of the immobilized negatively charged biomolecules on the channel, such as proteins in liquid solutions, was already demonstrated by the M. Reed group in Yale University [17, 19] . They showed the possibility of quantification of the concentration of the charged protein molecules in liquid solution, but did not report an application with repeatable consecutive measurements. After the ionizer was turned off at t = 200 sec, I ds decreased due to the reduction of adsorbed negative ions on the channel as shown in Figure 4(b) . This corresponded to the result described above and in Figure 3 . The results of the experiment showed that the nanoFET sensor could detect negative ions in air quantitatively and the concentration could be analyzed by the slope of the channel conductance change rate during a real-time measurement. However, the initial, so-called 'ready, ' level of I ds for the air ion measurement was not actively controllable and was too slow to recover to the initial state after a measurement due to the residual charge caused by the adsorbed negative ions on the nanoFET channel surface. More experiments on sensor performance are required to verify the capability of reproducible quantitative measurements of air anions utilizing the nanoFET. These properties are essential for the commercialization of nanoFET device as an air anion detection sensor.
Conclusion
In this paper, we have characterized the response of the developed nanoFET sensor to the concentration of negative ions in air. We demonstrated the quantitative detection of negative ions in air during real-time measurement. The fabricated nanoFET showed the high performance characteristics of the p-type field-effect transistor. The nanoFET could detect and differentiate the concentration of negative ions in air generated by the ionizer indicated by the slope of the channel conductance change rate which was proportional to the ion concentration. From the experimental results, the conductance change of nanoFET channel was shown to be related with the anion concentration in the air. Furthermore, it was observed that the conductance of I ds decreased after reaching its saturation level in a resting state when the ion generator was turned off. Further research is underway to evaluate the limit of detection and dynamic range to differentiate the air anion concentration, and evaluate characteristics of reliability and reproducibility of the nanoFET anion sensor for commercialization.
